The Anammox process was used to treat the effluent generated in an anaerobic digester which treated the wastewater from a fish cannery once previously processed in a Sharon reactor. The effluents generated from the anaerobic digestion are characterised by their high ammonium content (700 -1,000 g NH þ 4 -N m 23 ), organic carbon content (1,000 -1,300 g TOC m 23 ) and salinity up to 8,000 -10,000 g NaCl m 23 . In the Sharon reactor, approximately 50% of the NH þ 4 -N was oxidised to NO 2 2 -N via partial nitrification. The effluent of the Sharon step was fed to the Anammox reactor which treated an averaged nitrogen loading rate of 500 g N m 23 · d 21 . The system reached an averaged nitrogen removal efficiency of 68%, mainly limited due to the nonstoichiometric relation, for the Anammox process, between the ammonium and nitrite added in the feeding. The Anammox reactor bacterial population distribution, followed by FISH analysis and batch activity assays, did not change significantly despite the continuous entrance to the system of aerobic ammonium oxidisers coming from the Sharon reactor. Most of the bacteria corresponded to the Anammox population and the rest with slight variable shares to the ammonia oxidisers. The Anammox reactor showed an unexpected robustness despite the continuous variations in the influent composition regarding ammonium and nitrite concentrations. Only in the period when NO 2 2 -N concentration was higher than the NH þ 4 -N concentration did the process destabilise and it took 14 days until the nitrogen removal percentage decreased to 34% with concentrations in the effluent of 340 g NH þ 4 -N m 23 and 440 g NO 2 2 -N m 23 , respectively. Based on these results, it seems that the Sharon -Anammox system can be applied for the treatment of industrial wastewaters with high nitrogen load and salt concentration with an appropriate control of the NO 2 2 -N=NH þ 4 -N ratio.
Introduction
Discharge of effluents produced in the fish-canning industry contributes significantly to the contamination of the environment in the littoral zones of the region of Galicia (Spain). These effluents have a salinity similar to sea water (up to 19,000 g Cl 2 m 23 , 12,000 g Na þ m 23 and 2,500 g SO ¼ 4 m 23 ), high organic content (10,000-60,000 g COD m 23 ), and high protein concentration (3,500-15,000 g m 23 ). Anaerobic digestion of these waters achieves COD removal percentages around 70-90%, leading to the formation of high levels of ammonium (up to 5,000 g m 23 ) due to protein degradation, producing effluents with a low C/N ratio.
The biological Sharon -Anammox system has been proved to be a cheaper alternative to the conventional nitrification -denitrification system to treat wastewaters with a low C/N ratio (van Dongen et al., 2001) . In the Sharon process, the ammonium is 50% nitrified to nitrite and the rest stays the same. The generated effluent is then suitable to be fed to the Anammox process. In the autotrophic anaerobic ammonium oxidation (Anammox) process, ammonium and nitrite are combined by Planctomycete-type bacteria under anoxic conditions to generate nitrogen gas: NH þ 4 þ 1:32 NO 2 2 þ 0:066 HCO 2 3 þ 0:13 H þ ! 1:02 N 2 þ 0:256 NO 2 3 þ 0:066 CH 2 O 0:5 N 0:15 þ 2:03
The combination of both processes allows an autotrophic nitrogen removal, meaning savings in organic matter and oxygen required (therefore, energy) (van Dongen et al., 2001) . The removal of nitrogen from an anaerobic digester effluent by combination of Sharon-Anammox was successfully tested on a pilot scale (3.6 m 3 ) for over half a year by Fux et al. (2002) . Also, a large scale plant which exclusively worked with the Sharon -Anammox process to treat the effluent from a sludge digester has been set up and successfully operated at the WWTP Dokhaven, Rotterdam (van Dongen et al., 2001) . The application of this process to the treatment of a wide range of wastewaters may be hindered by the presence of different exogenous compounds, whose effects on the process are still unknown. This is the case of high salinity effluents, as could be the fish canning industry effluents which contain large amounts of sodium chloride. The effluents pass through the anaerobic digestion stage maintaining similar salt concentration levels as at the entry. This means that when a Sharon -Anammox process is going to be used to treat these effluents, it should be able to cope with the presence of salt concentrations similar to seawater which would have to be treated. The effects of continuous high salt concentration on the Sharon and the Anammox processes have been already studied using synthetic water. González et al. (2004) found that an NaCl concentration of 27,450 g m 23 reduced the ammonium oxidising activity in a Sharon system to 10% treating a load of 1,000 g N m 23 ·d 21 . The effect of NaCl on the Anammox process has been tested using an SBR treating an NLR of 600 g N m 23 ·d 21 and it was observed that concentrations up to 15,000 g NaCl m 23 were tolerated by the Anammox process without an observable change of the activity (Dapena-Mora et al., 2004a) .
In the present study, the operation of an Anammox reactor treating effluents from the fish canning industry pretreated in an anaerobic digester and a Sharon process was studied.
Materials and methods

Anammox reactor
A sequencing batch reactor (SBR) with a working volume of 3 L was used to carry out the Anammox continuous process. The SBR was operated at a fixed temperature of 358C by means of a thermostated jacket. The pH value was not controlled and ranged between 8.0 and 8.2. Complete mixture inside the reactor was achieved with a mechanical stirrer (100 rpm). Norprene tubing and connections were used to prevent the entrance of oxygen to the system. The SBR was operated in cycles controlled with a PLC system (CPU224, Siemens). The hydraulic retention time (HRT) was fixed at 1.8 d. The cycles of operation had a duration of 6 h and were distributed in the periods detailed in Figure 1 The SBR was previously operated stably for 410 d (data not shown), fed with a synthetic medium containing equal concentrations of ammonium and nitrite (300 g N m 23 ), mineral medium and concentrations of salt up to 20,000 g NaCl m 23 .
During the present study, the reactor was fed with the effluent of a Sharon reactor that treated the effluent collected from an anaerobic digester treating fish canning wastewater. The final effluent from the Sharon reactor used to feed the Anammox SBR had the following composition: 8,000-10,000 g NaCl m 23 , 260-800 g NH þ 4 -N m 23 , 150-700 g NO 2 2 -N m 23 and 50 -120 g TOC m 23 . The salt concentration of the wastewater introduced into the Anammox reactor was around 10,000 g NaCl m 23 .
Activity determinations in batch experiments
Samples of biomass were collected from the reactor to estimate: Anammox-, denitrifying-, ammonia oxidising-, nitrite oxidising-and heterotrophic-specific activities.
Specific Anammox and denitrifying activity tests. The maximum specific Anammox activity (SAA) and specific denitrifying activity (SDA) of the biomass from the reactor were determined in batch experiments measuring the amount of biogas (N 2 ) produced according to the procedure described by Buys et al. (2000) and the modifications introduced by Dapena- Mora et al. (2004c) . The experiments were carried out at 30 8C, pH of 7.8 and the shaking speed of 150 rpm. Biomass from the reactor was washed three times and re-suspended in phosphate buffer (143 g m 23 KH 2 PO 4 and 747 g m 23 K 2 HPO 4 ) containing the same NaCl concentration as that present in the reactor when the sample was collected, to prevent activity changes because of changing conditions (Dapena-Mora et al., 2004c) .
The operational conditions and initial concentration of the respective substrates are shown in Table 1 . Composition of the biogas was measured to prove that all the gas produced corresponded to N 2 .
Measurement of ammonium oxidising-, nitrite oxidising-and heterotrophic-specific activity. Respirometric batch experiments were performed in a biological oxygen monitor (BOM, YSI model 5300). The experiments were performed at 358C and pH 7.0 in hermetically closed vials of 10 mL according to López-Fiuza et al. (2002) . Biomass was washed three times using the previous buffer solution with NaCl. The initial concentrations injected in the batch experiments of the used substrates were: 60 g NH þ 4 -N m 23 , 148 g NO 2 2 -N m 23 , 200 g TOC m 23 (as acetate) for ammonia oxidising, nitrite oxidising and heterotrophic activity determinations, respectively.
Analytical methods
The concentrations of ammonia were measured with a DN 1900 (Rosemount, Dohrmann) analyser. Nitrite and nitrate were measured by using a water capillary ion analyser. The concentrations of chloride (Cl 2 ) were measured by a water capillary ion analyser. Total organic carbon (TOC) and inorganic carbon (IC) were analysed using a total carbon analyser (Shimadzu TOC-5000) equipped with a non-dispersive infrared (NDIR) detector. Helium was used as carrier gas, at a flow rate of 150 mL min 21 . The biomass concentration was measured, as g VSS m 23 , and the sludge volumetric index (SVI), as mL g VSS 21 , was determined according to Standard Methods (APHA, 1985) . Biogas composition (N 2 and CO 2 ) was analysed with a gas chromatograph (Hewlett-Packard 5890 series II) using He as carrier gas and a thermal conductivity detector. The abundance of Anammox and nitrifying bacteria in the biomass samples from the reactor was followed by fluorescence in situ hybridisation (FISH) . This analysis was performed with a set of fluorescent labelled 16S rRNA-targeted probes according to the procedure described by . Probes used for FISH and the formamide concentrations used during hybridisation are listed in Table 2 . For analysis of the slides, an epifluorescence microscope (Axioskop 2 plus, Zeiss) in combination with a digital camera (Coolsnap, Roper Scientific Photometrics) was used. The three probes for the domain of eubacteria (EUB 338, EUB 338II and EUB 338III) were applied together in all samples to get an impression of the relative abundance of the microorganisms detected by more specific probes. Probe PLA46 was used in combination with Amx 820 to eventually provide evidence of the existence of Anammox bacteria (or other planctomycetales) other than those covered by Amx 820.
Results and discussion
The Anammox SBR was fed during 110 d (days 410 to 520) with the effluent from a Sharon reactor treating the anaerobically digested wastewater from a fish canning industry. To prevent the entrance to the Anammox reactor of high nitrite concentrated streams (that could inhibit the process) a buffer vessel was introduced between both reactors, where the effluent was collected for 4-6 d and the concentration of nitrogen compounds was measured previously to its introduction in the Anammox reactor. As the Sharon reactor was a chemostat, the bacteria washout was considerable (around 100 g VSS m 23 ) and microbial activity was observed in the collecting vessel. To avoid changes in the ammonium and nitrite concentrations, effluent was stored refrigerated. In this period, biomass was also allowed to settle so the amount of bacteria entering the Anammox unit was not so relevant.
The nitrogen loading rate applied to the Anammox reactor was calculated based on the total nitrogen (nitrite þ ammonia) fed to the reactor and ranged between 300 and 700 g N m 23 · d 21 (Figure 2a ). The concentrations of ammonia and nitrite were also not constant, as shown in Figure 2a . Special attention has to be paid to the last 15 d of operation when the NO 2 2 -N concentration was much higher than the NH þ 4 -N concentration. The effluent contained, for most of the operational period, only ammonia and nitrate except for the aforementioned last 15 d when increasing concentrations of nitrite were observed (circled in Figure 2b ). During these days, the high nitrite concentrations over ammonium caused the accumulation of nitrite (Figure 2b ). Even after accumulation of nitrite, the reactor operated stably up to concentrations of 200 g NO 2 2 -N m 23 in the effluent, which are quite above the inhibition limits found by Strous et al. (1999) and by Dapena-Mora et al. (2004c) , both in batch experiments. This could be explained by the presence in the reactor of other active bacteria of the nitrogen cycle that could act as a buffer for the potential prejudicial accumulations of nitrite. The system broke down when a concentration of 400 g NO 2 2 -N m 23 was reached in the Anammox reactor. In general, the Anammox process was able to cope with the variable composition of the feeding media while the ammonium concentration was above the nitrite concentration. The percentage of nitrogen removal taking into account the ammonia, nitrite and nitrate ranged between 35 and 90% with an averaged value of 67% (Figure 2b ). The NaCl concentration in the influent to the Anammox reactor was almost constant and around 10,000 g m 23 over the whole operational period. No long-term effect of the presence of salt was observed, besides the reactor being previously fed with a synthetic medium containing NaCl of 15,000 g m 23 with no detrimental effect over the Anammox activity (Dapena-Mora et al., 2004a) . Regarding the stoichiometry of the Anammox process, the media values obtained for the whole operational period for NO 2 2 -N=NH þ 4 -N consumed ratio and NO 2 3 -N produced to NH þ 4 -N consumed ratio were 1.67 and 0.28, respectively (Figure 3 ). Comparing these results with those obtained by Strous et al. (1998) for the stoichiometry of Anammox process of 1.32 and 0.26, respectively, it is observed that the amount of nitrate produced is comparable but the nitrite consumed is higher. The extra amount of consumed nitrite could be attributed to denitrification but this is not justified by the amount of TOC removed in the system and even when higher amounts of nitrite are removed lower amounts of TOC are consumed (Figure 3 ). Consumption of TOC in the reactor was always lower than 50 g TOC m 23 . Another possible explanation for this high nitrite consumption was proposed by Guven et al. (2004) who claimed that the Anammox process could use organic carbon as electron donor instead of ammonium. The obtained results in this study did not corroborate this hypothesis either. Focusing on the ratio NO 2 2 -N=NH þ 4 -N consumed, Strous et al. (1999) also observed that the stoichiometry of the Anammox process is not constant and varies in periods when the concentrations of the substrates are changed, and especially when nitrite increases in the feeding (Strous et al., 1999) .
Biomass characterisation
In order to characterise the biomass with regard to the activities taking place, batch experiments were performed to estimate the specific Anammox, denitrifying, ammonia oxidising, nitrite oxidising and heterotrophic activities. Biomass samples for these experiments were collected from the reactor on days 410 (before first feeding with the Sharon effluent), 430 and 485. The values obtained for the specific Anammox activity (SAA) indicate that it remained practically constant with a value around 0.44 g N 2 -N g VSS 21 ·d 21 in all the collected samples (Table 3 ).
The measured specific denitrifying activity (SDA) increased slightly compared to the value measured at the beginning of the operation from 0.041 to 0.068 g N 2 -N g VSS 21 · d 21 . This could be caused by the degradation of small amounts of organic carbon entering the system, presumably via denitrification. This result should be taken carefully because, from the nitrogen and carbon consumption in the reactor, denitrification does not significantly occur. The measured specific ammonium oxidising activity increased slightly from 0.066 to 0.085 g O 2 g VSS 21 ·d 21 . Ammonium oxidising bacteria enter the Anammox reactor coming from the Sharon reactor and they might survive inside the system due to the low quantities of dissolved oxygen in the liquid medium because no purge to remove the dissolved oxygen was applied. The increase of activity is significant if it is taken into account that the biomass in the reactor mainly comprises the Anammox bacteria. No nitrite oxidising or heterotrophic oxidising activities were measured in these samples. The microbial population in the Anammox reactor was also followed by FISH analysis. A first sample was collected just before the connection of the Sharon reactor to the Anammox SBR. The share of planctomycetes among the eubacteria was high and they hybridised with the Amx820 probe by practically 100%. They formed large, dense colonies and did not seem to decrease considerably between days 424 and 463. In some cases, it was observed the presence of Anammox colonies closely associated to a colony of other bacteria. The most outstanding effect observed after the connection of the Anammox reactor to the Sharon effluent was the apparent increase in the share of ammonium-oxidising bacteria (identified by positive hybridisation with the probe NEU635). As in the Sharon reactor, the biomass is not retained; it goes into the Anammox SBR with the influent. The system was not being purged to maintain an anaerobic environment, so their activity might be allowed by the presence of very small concentrations of dissolved oxygen. This fact confirms the results from the activity experiments.
The biomass concentration measured varied along the operation period between 1,000 and 2,700 g VSS m 23 . This high variability was mainly caused by the difficulty of collection of a homogeneous sample of biomass from the reactor due to the stratification observed in the system caused by the formation of aggregates containing a relative high amount of inorganic solids which were mainly situated in the lower zones of the reactor depending on the SVI (Figure 4) .
The physical characteristics of the sludge did not change appreciably during most of these experiments. It had a granular appearance with a quite low SVI (around 20 mL g VSS 21 ). These results are similar to those found by other authors for nitrifying biomass in the presence of high salts concentration. Campos et al. (2002) used a nitrifying reactor to treat 4,000 g NH þ 4 -N m 23 d 21 at a salt concentration (NH 4 Cl, (NH 4 ) 2 SO 4 , KH 2 PO 4 and NaCl) up to 525 mM, finding no negative effect of long-term operation with salt on the settling properties of the biomass. SVI of the biomass in this system varied from 42.4 to 11.4 mL g VSS 21 after 150 d of operation. Dahl et al. (1997) treated wastewater containing high salinity (20,000 g Cl 2 m 23 ) and an ammonia concentration of 120 g NH þ 4 -N m 23 in a nitrifying system and they obtained sludge with a SVI of 32 mL g VSS 21 . It is possible that the high salt concentration contributes to the biomass granulation because salt precipitates are formed and serve as nuclei for the granule formation (Dapena-Mora et al., 2004a) . Only at the end of the operational period, when nitrite accumulated in the effluent, did the SVI value increase, indicating the normal progress of a stage with loss of stability, previously observed when the Anammox reactor is overloaded (Dapena-Mora et al., 2004d) .
Conclusions † The effluent of an anaerobic digester treating a fish canning wastewater was treated in a combined Sharon-Anammox system, operated in stable conditions for around 3 months, reaching averaged N removal efficiencies of 67% and treating nitrogen loads up to 670 g N m 23 ·d 21 . † The fluctuation in the feeding composition of the Anammox reactor did not cause any prejudicial effect while the ratio NO 2 2 -N=NH þ 4 -N was lower than 1. In these cases nitrite in the effluent was under the detection level. When the ratio NO 2 2 -N=NH þ 4 -N was higher than 1, increasing concentrations of nitrite appeared in the effluent and the reactor did not recover the previous activity. † The distribution of the bacterial population in the Anammox reactor, controlled by FISH analysis and batch activity assays, did not change significantly despite the continuous entrance to the system of aerobic ammonium oxidisers coming from the Sharon and the absence of a system that avoided presence of micro-aerobic conditions. † Salt concentrations of 10,000 g NaCl m 23 did not have long-term negative effects on the activity or physical properties of the Anammox sludge and the SVI at the end of the operation was of 25 mL g VSS 21 .
